PURPOSE. We sought to determine the role and retinal cellular location of microRNA-124 (miR-124) in a neuroinflammatory model of retinal degeneration. Further, we explored the antiinflammatory relationship of miR-124 with a predicted messenger RNA (mRNA) binding partner, chemokine (C-C motif) ligand 2 (Ccl2), which is crucially involved in inflammatory cell recruitment in the damaged retina.
M icroRNAs (miRNAs) are endogenous short non-coding single-stranded molecules, approximately 18 to 25 nucleotides in length, which play important roles in the regulation of posttranscriptional gene expression. 1 MiRNAs bind to the 3 0 untranslated (3 0 UTR) regions of specific target messenger RNA (mRNA) and either repress or halt transcription. Due to the similarity in many 3 0 UTR regions, a single miRNA can regulate multiple genes, often within the same biochemical pathway. 2, 3 The strong regulatory properties of miRNA have been found in a myriad of biological systems including the eye (reviewed in Ref. 4 ) and can affect multiple biological processes including development, differentiation, apoptosis, cell proliferation, neuronal cell fates, and inflammation. 5, 6 As miRNAs are potent regulators of transcription, their dysregulation plays a critical role in the pathogenesis of inflammatory diseases, [7] [8] [9] cancer, 10 neurological disorders, 9, [11] [12] [13] and more recently in the pathogenesis of AMD. 14 AMD is a progressive retinal degeneration characterized by the death of photoreceptors and retinal pigment epithelial (RPE) cells, which leads to loss of central vision. 15, 16 This disease has a multifaceted etiology; however, it is well understood that both activation of the innate immune system and recruitment of inflammatory cells to the retina are significant factors in the development and progression of AMD. 17, 18 Gene expression studies of AMD donor eyes have shown that a number of chemokines, including chemokine (C-C motif) ligand 2 (CCL2 or MCP-1), are up-regulated in both the neovascular and atrophic forms of AMD. 19 CCL2 is a potent microglia/macrophage chemoattractant that is produced and released from Müller cells in response to retinal oxidative damage. 20 Down-regulation of CCL2 has been shown previously to reduce photoreceptor cell death in animal models of retinal degeneration. [21] [22] [23] Therefore, CCL2 represents an ideal therapeutic target to slow the progression of retinal diseases.
Multiple miRNAs have been identified that regulate the immune response, [24] [25] [26] including miR-124, which has been predicted and reported to modulate Ccl2 expression in rheumatoid arthritis, 27 in retinal ganglion cells after Amadoriglycated albumin-induced inflammation, 28 and in oral carcinoma tumors. 29 MiR-124 is abundant in the neurons of the central nervous system (CNS) and retina [30] [31] [32] and plays an important role in modulating the inflammatory component of CNS diseases, including Alzheimer's and Parkinson's disease. 33, 34 The anti-inflammatory properties of miR-124 in neurodegenerative diseases, coupled with its abundance in neurons and validated binding of Ccl2, suggests a role in the progression of retinal degenerations.
In this study, we have demonstrated modulation of miR-124 expression in (1) human AMD tissue, (2) an inflammatory mouse model of photo-oxidative retinal degeneration, 35 and (3) immortalized and primary Müller cell cultures. In the degenerating retina, we have identified redistribution in the miR-124 from neurons (photoreceptors and ganglion cells) to the inner nuclear layer (specifically, Müller glia). We also confirmed in retinal cells an immortalized human Müller cell line and primary rodent Müller cell cultures, that miR-124 directly targets Ccl2. In vivo intravitreal delivery of a miR-124 mimic reduced Ccl2 expression levels, microglia/macrophage recruitment and photoreceptor cell death, preserving retinal function. Our findings suggest that in the retina, miR-124 is required for photoreceptor survival and that a balance of miR-124 expression is required to regulate factors such as Ccl2, which contribute to the progression of retinal degenerations.
METHODS

Animal Handling and Rodent Photo-Oxidative Damage
All experiments were conducted in accordance with the ARVO Statement for Use of Animals in Ophthalmic and Vision Research. The study was approved by the Australian National University (ANU) Animal Experimentation Ethics Committee (Application ID: 2014/56). Adult (P60) C57BL/6J mice were exposed to photo-oxidative damage (PD) for a period of 1, 3, or 5 days to induce photoreceptor-specific cell death as previously described. 35 Adult PDGFRa-cre (platelet derived growth factor receptor, alpha polypeptide) mice (animal #013148; The Jackson Laboratory, Bar Harbor, ME, USA) were used for Müller cell isolation either in dim-reared conditions or after PD. PDGFRa-cre animals were crossed with reporter strain B6.CgGt(ROSA)26Sortm14 (animal #007914; The Jackson Laboratory) to produce PDGFRa-cre RFP mice, which were maintained on a C57BL/6J genetic background. Rodent eyes and retinas were collected and processed as described in previous publications. 36 Wistar rats (P8-10) were used for primary Müller cell culture.
Human Tissue
Adult human eyes were obtained through the Lions New South Wales Eye Bank. Research followed the tenets of the Declaration of Helsinki and informed consent was obtained from all human subjects after explanation of the nature and possible consequences of the study. Human tissue collection and processing was approved by the University of Sydney Human Research Ethics Committee (Project No. 2012/218). All collection and processing were performed strictly according to the guidelines set out in the approved protocol mentioned above. Human AMD tissue was extensively catalogued and processed for cryosectioning based on a previously established protocol (n ¼ 3). 37 
In Situ Hybridization
In situ hybridization was performed on cryosections from both human AMD donor tissue and rodent PD tissue. Ccl2 was cloned from PCR products from rodent retinal cDNA (550 bp amplicon). This template was then synthesized into a digoxigenin (DIG)-labeled riboprobe specific to rodent Ccl2 mRNA according to our published methodology. 36 In situ hybridization for Ccl2 mRNA was performed using our previously published protocol. 38 The riboprobe was hybridized overnight on retinal sections at 558C.
To localize expression of miR-124, a double DIG-labeled miR-124-3p miRCURY LNA miRNA Detection Probe (Exiqon, Vedbaek, Denmark) was used on human and rodent retinal cryosections, which were hybridized for 1 hour at 538C, according to the manufacturer's instructions (Exiqon). The bound probe was visualized with either HNPP/Fast-Red (Roche, Basel, Switzerland) or nitro blue tetrazolium and 5-bromo-4-chloro-3 indoyl phosphate (NBT/BCIP; Sigma-Aldrich Corp., St. Louis, MO, USA).
TUNEL
Retinal cryosections were stained for apoptotic cells using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit (Roche Applied Science, Penzberg, Germany), following our previous methodology. 39 To quantify photoreceptor cell death, TUNELþ cells in the ONL were counted throughout the full length of each section cut in the parasagittal plane (superoinferior). For each animal, technical duplicates were counted, and these counts were averaged for each experimental group.
Immunohistochemistry
Immunohistochemistry was performed on retinal cryosections according to previously described protocols, with minor modifications.
40 Table 1 provides a list of primary and secondary antibodies used. Immunolabeled IBA1 þ microglia/ macrophages were quantified across the full length of each retinal section. The number of IBA1 þ microglia/macrophages in the outer retina was quantified by counting the IBA1 þ cells in the ONL and subretinal space.
Confocal Imaging
Immunofluorescence was captured in Z-stacked form, using a laser-scanning A1 confocal microscope (Nikon Instruments, Inc., Tokyo, Japan). Excitation wavelengths of 488 nm (green) and 561 nm (red) were used. Images were obtained using uniform gain settings and processed using Photoshop CS6 software (Adobe Systems, Inc., San Jose, CA, USA).
Densitometry was measured in the relevant regions of interest specified in the results. Regions of staining were measured for relative colorimetric intensity using the Nikon A1 
Fluorescence-Activated Cell Sorting (FACS)
Retinas removed from PDGRFa-cre RFP mice eyes (control and PD) were used for Müller cell isolation through fluorescenceactivated cell sorting (FACS). Retinas were processed for FACS based on a previously published protocol. 40 The resultant samples were sorted using a FACSAria II (BD Biosciences, Franklin Lakes, NJ, USA), gating for RFPþ cells, which indicates an isolated population of Müller cells. The isolated cells were collected in staining buffer and kept chilled on ice until miRNA extraction could be commenced.
Analysis of miRNA and mRNA Expression
RNA extraction and purification was performed on retinas using a combination of TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and an RNAqueous Total RNA Isolation Kit (Thermo Fisher Scientific), as described in our previous publication. 39 MiRNA extraction and purification was performed using an acid-phenol:chloroform extraction method with the mirVana miRNA isolation kit (Thermo Fisher Scientific) according to the manufacturer's instructions.
From a miRNA template, cDNA was synthesized using the TaqMan MicroRNA RT kit (Thermo Fisher Scientific) according to the manufacturer's protocol. From an mRNA template, cDNA synthesis was performed using a Tetro cDNA Synthesis Kit (Bioline Reagents, London, UK) as described previously. 40 Quantitative real-time PCR (qRT-PCR) was performed on cDNA samples using Taqman hydrolysis probes ( Table 2 ). The hydrolysis probes were utilized according to the manufacturer's instructions in a 10 ll reaction mix with the cDNA and TaqMan Gene Expression Master Mix (Thermo Fisher Scientific). The qRT-PCR reactions were run on a QuantStudio Flex 12 K instrument (Thermo Fisher Scientific). Each biological sample was amplified in a technical replicate, and the average Ct (cycle threshold) value was used to determine the change in expression. Percentage change was calculated using the comparative Ct (DDCt) method, where target miRNAs were normalized to the expression of small nuclear RNA U6 and small nucleolar RNA 234, and target mRNAs were normalized to Gapdh expression as per our previous analyses.
20,41
Cell Culture
Cell culture experiments were performed using an immortalized human Müller cell line (MIO-M1) and primary cultured rat (Wistar, P8-10) Müller cells. Cells were used within 10 passages. Cells were authenticated and validated from Cell Bank Australia and were further tested using RT-PCR for expression of cell specific markers (vimentin for MIO-M1 cells). Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum, L-glutamine (3 mM), sodium pyruvate (1 mM), and glucose (25 mM) and grown in flasks in a humidified incubator at 378C with 5% CO 2 . Human IL-1b protein (10 ng/ml) was used as a pro-inflammatory stimulus for MIO-M1.
3
0 UTR CCL2 Luciferase Assay
A luciferase assay was performed on MIO-M1 cells using a commercially available vector containing the luciferase gene fused to the human CCL2 3 0 UTR (CCL2 LightSwitch 3 0 UTR Reporter GoClone; Switchgear Genomics, Menlo Park, CA, USA) and a pLightSwitch-3 0 UTR Luciferase assay system (Switchgear Genomics), following the manufacturer's protocol. MIO-M1 cells were seeded in a 96 well plate (3000 cells per well), cultured for 24 hours and transfected with the vector using Viafect (Promega Corp., Madison, WI, USA) transfection agent. After 36 hours, cells were treated with 10 ng/ml IL-1b protein for a duration of 12 hours, following which the luciferase assay was performed. The pLightSwitch Luciferase assay system was performed according to the manufacturer's protocol and luciferase activity was measured using an Infinite 200 plate reader (TECAN, Grödig, Austria).
In Vitro Transfection of miR-124 Mimic
MIO-M1 cells were seeded in clear plastic 6-well tissue culture plates at a density of 80,000 cells per well, and the medium was replaced with low serum (1% FBS) DMEM after sufficient adhering time (80%-90% confluence). Cells were incubated at 378C in 5% CO 2 for 12 hours and then transfected with 10 nM miR-124-3p mimic, miR-124-3p inhibitor, or negative control miRNA mimic (Thermo Fisher Scientific), using Lipofectamine RNAiMAX (Invitrogen). After 24 hours, cells were exposed to 10 ng/ml IL-1b protein for a duration of 12 hours. The cells were then harvested using TRIzol (Invitrogen) reagent and RNA extracted for qPCR as previously described. CCL2 expression for the different experimental groups was compared to nontransfected/treated MIO-M1 cells.
Transfection of miR-124 Mimic In Vivo
Both miR-124-3p and negative, scrambled control miRNA mimics (Thermo Fisher Scientific) were used for in vivo transfection. Before administration, miRNAs were encapsulated in a cationic lipid-based transfection agent (Invivofectamine 3.0; Thermo Fisher Scientific) according to the manufacturer's protocol. Each encapsulated miRNA was formulated to a final concentration of 1 lg/ll in endotoxin-free 0.1 M PBS solution after being spun at 4000g through an Amicon Ultra-4 Centrifugal Filter Unit (Merck Millipore, Billerica, MA, USA). Intravitreal injections were performed as described in our previous publication. 21 One ll of miR-124-3p mimic or negative control miRNA formulation was injected into both eyes of C57BL/6J mice. Animals were recovered for 24 hours in dim conditions prior to the onset of PD.
Measurement of Retinal Function Using Electroretinography (ERG)
Full-field scotopic ERG was performed to assess the retinal function of mice after 5 days of photo-oxidative damage as described previously. 35 Briefly, mice were dark-adapted overnight, anesthetized by intraperitoneal injection of xylazil (10 mg/kg) and ketamine (100 mg/kg), and the pupils dilated with 1% atropine sulfate. A single-or twin-flash paradigm was used 
Statistical Analyses
For experiments comparing two groups, unpaired Student's ttests were used. Multiple group comparisons were made using a 1-way ANOVA with Tukey's post hoc test for multiple comparisons, and 2-way ANOVA with Sidak's post hoc test for multiple comparisons for the ERG data sets. Statistical analyses were performed using GraphPad Prism V5 (GraphPad Software, La Jolla, CA, USA). Statistical significance was defined by P < 0.05.
RESULTS
MiR-124 Expression in Human AMD Tissue
Using in situ hybridization, we localized miR-124 labeling to the inner nuclear layer (INL) and outer limiting membrane (OLM) of the retina with some low-level labeling in the ganglion cell layer (GCL) in healthy human retinal tissue (Fig.  1A) . In central, foveal AMD retinal sections, the degenerating macular region was found to be devoid of miR-124 labeling with gray lines outlining the relative sizes of the nuclear layers, showing a heavily degenerated outer nuclear layer (ONL; Fig.  1B ). No background labeling was seen in the human retinal sections when labeled with a scrambled miRNA probe (Fig.  1C) . The cellular location of miR-124 was compared to both normal, aged human retinas (Fig. 1A) and young adult retinas (Figs. 1D, 1E ), in which high levels of miR-124 expression were seen uniformly across the retina in the INL and OLM. At the lesion edge of AMD patients, a similar distribution of miR-124 (Figs. 1F, 1G ) was exhibited for both the young adult and agematched controls, indicating that only the central retina of AMD patients was devoid of miR-124 expression. Sections double-labeled with miR-124 and vimentin, a Müller cell marker, showed low-level colocalization in the INL in the young adult retinas and double-labeling in the OLM (Fig. 1E) . By comparison, at the lesion edge of AMD patient sections (Figs. 1F, 1G ), increased colocalization with vimentin was seen in the INL with the Müller cell end feet still showing evidence of staining (Fig. 1G) . This indicates an increase in vimentin colocalization in the INL with miR-124 in AMD peripheral retinas. 
MiR-124 Expression in Müller Cells
The FACS gating strategy for isolating PDGFRa-cre RFP cells is shown in Figure 2A . Histology of retinal sections from PDGFRacre RFP reporter animals showed Müller cell-specific fluorescence in the GCL, INL, and OLM as well as the Müller cells processes spanning across the retinal layers (Figs. 2B, 2C ). FACS-isolated Müller cells from PDGFRa-cre RFP reporter mice (Fig. 2D) showed decreased expression of miR-124 following 5 days PD when compared to dim-reared animals (P < 0.05), while Ccl2 expression was significantly increased at 5 days PD (P < 0.05, Fig. 2D ).
CCL2 as a miR-124 Target
Binding of the miR-124 mimic 8-mer seed region to CCL2 is conserved across human, mouse, and rat tissue (Fig. 3A) . Rat primary Müller cells stimulated with IL-1b showed an increase of CCL2 expression at 6, 12, and 18 hours after the introduction of IL-1b (P < 0.05, Fig. 3B) , with a concurrent decrease in miR-124 at the same time points (P < 0.05, Fig.  3C ). Cells of the immortalized Müller cell line MIO-M1, stimulated with IL-1b over a 24-hour period, showed a similar expression profile with increased Ccl2 expression (P < 0.05, Fig. 3D ) at each time point, and decreased miR-124 expression (P < 0.05, Fig. 3E ).
Using a luciferase assay, we transfected IL-1b-treated MIO-M1 cells with a miR-124 mimic, a negative control mimic, or a miR-124 inhibitor. The resulting data (Fig. 3F) indicated that CCL2 expression was downregulated in the presence of the miR-124 mimic but not in the presence of the negative control mimic or the miR-124 inhibitor (P < 0.05). MIO-M1 cells stimulated with IL-1b showed an increased luciferase signal (P < 0.05, Fig. 3G ), indicating decreased miRNA binding to the 3 0 UTR. MiR-124-transfected MIO-M1 cells displayed a downregulation of CCL2 expression, while a marker of cell death, AP1/JUN, remained unchanged (P < 0.05, Fig. 3H ).
Cellular Localization of miR-124 in Retinal Degenerations
In situ hybridization labeling for miR-124 in dim-reared mice was heavily congregated in the superior retina (''hotspot'' region of focal damage 35 ) in the OLM (Fig. 4A ). This labeling pattern in the superior retina was more intense in the INL following 5 days of PD (Fig. 4B) . In dim-reared control animals, miR-124 labeling was strongly present in the OLM (Fig. 4C) , whereas high-resolution images showed increasing intensity of labeling in the INL between 1 and 5 days of PD (Fig. 4D-F) . The scrambled control showed no background labeling (Fig. 4G) . Colorimetric quantification of miR-124 labeling in the central retinal region showed a decline in labeling over the 5 days of PD (P < 0.05, Fig. 4H ), matching the visualization of the images as the intense staining in OLM seen in dim-reared animals decreased after PD. However, analysis of the distribution of miR-124 between the outer and inner retina identified a decrease in staining intensity in the OLM with an increase in Fig. 4I) . A small but significant increase in expression was shown in the GCL at 5 days (P < 0.05). While a redistribution of miR-124 was observed following PD, levels of retinal miR-124 show a global expression decrease after 5 days PD (P < 0.05, Fig. 4J ). Overall, we showed that the retinal location of miR-124 expression shifted from primarily ONL prior to damage to the INL after the onset of injury.
This shift in cellular localization of miR-124 from the OLM to the INL is correlated with a change in labeling of two RNAinduced silencing complex (RISC) proteins involved with miRNA-mediated gene silencing in mammalian cells AGO2 and GW182 (Figs. 4K-N) . AGO2 labeling initially is dispersed throughout the retina with intense labeling in the OLM, photoreceptor inner and outer segments and the INL (Fig. 4K) , while GW182 is more diffusely spread throughout the retinal layers (Fig. 4L) . At 5 days PD, both AGO2 and GW182 labeling is more pronounced throughout the retina, particularly in the INL for AGO2 (Fig. 4M ) and in the INL and GCL for GW182 (Fig. 4N) .
Labeling with the rod photoreceptor marker, rhodopsin, revealed colocalization with miR-124 in the photoreceptors in dim-reared and PD animals (Figs. 5A , 5B). Labeling with Müller cell marker, vimentin (Figs. 5C, 5D ), also indicated colocalization with miR-124 in the OLM as well as the INL with the majority of vimentin labeling localized to the middle of the INL. Little to no background staining was seen in the scrambled miRNA and Alexa-488 double-labeled control (Fig. 5E ). Minimal Ccl2 in situ hybridization labeling was detected using the sense probe in control retina (Fig. 5F ), as well as in the antisense in the dim-reared control retina (Fig. 5G) . However, intense Ccl2 mRNA labeling staining was detected 24 hours post-PD in the INL (Fig. 5H, gray lines) . Ccl2 mRNA was localized to cells in the INL, most likely Müller cells based on our previous studies 20, 21 (Fig. 5H) , with an expression pattern in the INL similar to miR-124 at 24 hours PD, including an increased number of Ccl2-expressing cells (Fig. 5I) .
Delivery of miR-124 Mimic in Retinal Degenerations
Intravitreal delivery of miR-124 mimic to mouse eyes targeting the central retina was performed prior to PD. miR-124 mimics resulted in a significant decrease in both Ccl2 and Ap1/Jun (P < 0.05, Fig. 6A ) expression in the retinas after 5 days of PD. Analysis of ONL thickness in retinal sections (Fig. 6B) indicate increased survival of photoreceptors (PR rows) at 5 days PD in the animals treated with miR-124 mimics, compared with animals injected with scrambled miRNA (P < 0.05). No differences in TUNELþ cells in the ONL were observed (Fig.  6B , P > 0.05). Furthermore, increased photoreceptor survival was accompanied by decreased numbers of IBA1 þ microglia/ macrophage cells infiltrating into the ONL in the mimic-treated retinas at 5 days compared to scrambled controls (P < 0.05, Figs. 6B-D) .
Finally, electroretinography (ERG) of 5-day PD animals treated with miR-124 mimic injections demonstrated a higher a-wave, b-wave, and cone response compared to scrambled control-injected animals (P < 0.05, Figs. 6E-G) . Overall, the delivery of miR-124 mimic led to decreased photoreceptor loss, reduced inflammation and an improved retinal function.
DISCUSSION
It is well established that activation of the innate immune system plays a critical role in the pathogenesis of many retinal degenerations, including AMD. [42] [43] [44] [45] For this reason, improving understanding of the molecular mechanisms involved in regulating inflammatory pathways is likely to result in novel treatment strategies and improved patient outcomes (reviewed in Ref. 18) . In this study, we explored the role of miR-124 in retinal degenerations and demonstrated the potential use of miRNA, a potential new class of therapeutics for the treatment of retinal degenerations. We demonstrate that in both human and rodent tissues, miR-124 expression and cellular location were altered in the degenerating retina, with overall expression of miR-124 decreasing in both human AMD retinas and in a mouse model of retinal degeneration. 35 In addition to a global decrease in expression, the cellular location of miR-124 was found to change from predominantly OLM in the normal retina, to the INL during degeneration. We identified Ccl2, a chemokine produced in Müller glia, as a target of miR-124 in retina cells and demonstrated that miR-124 mimics can reduce levels of retinal inflammation and photoreceptor cell death, thereby improving overall retinal function.
Cellular Redistribution of miR-124 in Retinal Degenerations
Our findings showed that miR-124 is constitutively expressed in the normal human and rodent retina and undergoes both a decrease in total retinal expression and a change in cellular location during retinal degeneration. miR-124 is largely considered to be neuronal-specific 46, 47 and is enriched in the retina with high levels in photoreceptors. 30, 47, 48 Additionally, in vitro, it has been reported that there is an absence of miR-124 in Müller cells cultured from young animals (p12), 30 or that it is expressed at very low levels, 46 suggesting that Müller cells produce little to no miR-124 in the absence of neurons. 46 The current study is consistent with previous findings, showing little to no expression of miR-124 in primary Müller cell cultures from similar aged animals, 47, 49, 50 and our results indicate that miR-124 levels decrease with each passage, suggesting that in the absence of neuronal-glial interactions Müller cell expression of miR-124 is eventually lost (Supplementary Fig. 1) . Despite this low level of miR-124 expression, we have demonstrated that in response to an inflammatory stimulus, miR-124 levels are significantly decreased in both primary and immortalized Müller cells. PDGFRa-cre RFP Müller cells isolated after retinal degeneration showed a decrease in miR-124 expression in response to photoreceptor cell death, consistent with our observations in AMD tissue. These results suggest that miR-124 is either lowly or non-endogenously produced by Müller cells, but we have speculated that it is likely to be translocated from the photoreceptors to the Müller cells during retinal damage (Fig. 7) . 46, 49, 50 In support of the hypothesis that miR-124 is redistributed to the Müller cell bodies during retinal degeneration, we found increased localization of RISC complex proteins (AGO2 and GW182) in the inner retina following retinal degeneration. These proteins are part of the RISC complex, which facilitates binding of miRNA with mRNA 1 and are required for miRNA functionality. Their changed expression profile under PDassay for interactions between CCL2 and miR-124, IL-1b stimulation of MIO-M1 cells produced an increase in relative luciferase signal compared to non-treated control cells. (H) In the absence of IL-1b, transfection of miR-124 mimics in MIOM-1 cells decreased Ccl2 expression with Ap-1/Jun is unchanged. *Significance using 1-way ANOVA with Tukey's post hoc test or a Student's t-test, P < 0.05 and error bars indicate SEM, n ¼ 3-4. induced degeneration corresponds with changes in miR-124 distribution, supporting the hypothesis that miR-124 is constitutively expressed in the retina, and mobilized in stress conditions to the cell bodies of Ccl2-expressing Müller cells in the INL. In the macula of AMD retinas, the absence of miR-124 is consistent with a highly pro-inflammatory environment and a dysregulated expression of CCL2, along with other proinflammatory cytokines.
Role of miR-124 in Regulating Ccl2-Mediated Inflammation in the Retina
MiR-124 has been found to modulate the inflammatory response in various disorders, including those of the central nervous system. 33, 34 It is highly abundant in the brain and has been shown to be up-regulated in AMD. 30, 31 Our rodent and human data suggest that miR-124 is mobilized toward the site of Ccl2 expression, the Müller cell bodies in the INL 20 during retinal degeneration. We have previously shown up-regulation of Ccl2 and other chemokines by microarray analyses in a rodent PD model of retinal degeneration. 39 We have also previously established a key role for Ccl2 in the progression of degeneration by showing that small-interfering RNA (siRNA)-mediated down-regulation of Ccl2 attenuates the inflammatory profile of the retina and reduces photoreceptor death. 21 Ccl2 has been demonstrated to be upregulated in a number of retinal diseases, including retinitis pigmentosa, 51 diabetic retinopathy, 52 and AMD. 19 As Müller cells produce high levels of Ccl2 during PD, 20 we have postulated that miR-124 is redistributing to the Müller cell bodies during PD to inhibit the production of Ccl2 and dampen the inflammatory cascade. In our study, we showed that miR-124 dampens pro-inflammatory signaling in vitro through down-regulation of CCL2 expression in MIO-M1 cells. Further, we demonstrated an inverse correlation in miR-124 and Ccl2 expression levels in isolated Müller cells.
Taken together, this data suggests a possible novel mechanistic role of miR-124 in stabilizing the retina through a neuronal-glial molecular interaction and regulation of Ccl2 expression, as illustrated in Figure 7 . The lack of expression of miR-124 in the human AMD retina, coupled with the decrease in OLM expression at 5 days relative to controls. (J) Gene expression revealed a significant decrease of miR-124 levels at 5 days of PD. In dim-reared animals, RISC complex protein, (K) AGO2 was labeled in the INL and OLM with (L) GW182 faintly expressed in the GCL. Both proteins were both strongly labeled after PD with (M) AGO-2 expression in the GCL, INL, and OLM, and (N) GW182 more evident in the GCL and in the Müller cell processes. *Significance using 1-way ANOVA with Tukey's post hoc test or a Student's t-test, P < 0.05 and error bars indicate SEM, n ¼ 3-6. MicroRNA-124 Dysregulation in the Degenerating Retina IOVS j August 2018 j Vol. 59 j No. 10 j 4103 miR-124 expression in Müller cells following PD, suggests that this regulation becomes unbalanced, which would inevitably lead to an increased inflammatory response and cell loss. It has been postulated that therapeutic approaches employing miR-124 may control neuroinflammation (reviewed in Ref. 53) , with the majority of studies concentrating on the activity in microglia/macrophages. 54, 55 Their potential as therapeutics for neurodegenerative diseases such as AMD, however, has not been widely investigated, with research focusing more on miRNAs in eye development and the use of circulating miRNA as early diagnostics of disease. 56 In this study, we investigated the use of miR-124 mimics in vivo as a potential therapeutic for retinal degenerations. Our data showed that the intravitreal delivery of miR-124 mimics decreased infiltration of macrophages into the photoreceptor layer-a process correlated with photoreceptor cell death in retinal degenerations. [57] [58] [59] [60] [61] Most importantly, the strong anti-inflammatory effects of miR-124 mimics in the retina, coupled with a reduction in photoreceptor loss, results in a preservation of retinal function.
Due to many other predicted binding partners of miR-124, it is unlikely that the proposed redistribution from photoreceptors is targeting only Ccl2. MiR-124 has been shown to interact with a number of other mRNA involved in neuronal diseases, including Rab3a, 62 an essential component of the inner and outer plexiform layers of the retina. 63 Further, alteration of miR-124 in Müller cells has also been shown to trigger neuronal differentiation through expression of the proneural transcription factor Asc11, 46 indicating a possible uncharacterized function of mammalian retinal neuronal-glial interactions. Further investigations into the interplay between neurons, Müller cells, and miR-124 are needed to improve our understanding in this area.
CONCLUSIONS
This study provides an understanding of the role of miR-124 in the degenerating retina. By demonstrating its cellular relocation and anti-inflammatory properties, our current findings pave the way for further investigation of the therapeutic potential of miRNA mimics in neurodegenerative diseases, including AMD, Parkinson's disease, and Alzheimer's disease. However, to fully assess the therapeutic efficacy of miR-124 in neurodegeneration, identification of the full spectrum of regulatory targets of miR-124 is required.
